How cells track their position during the segmentation of the vertebrate body remains elusive. 
Introduction 29
Pattern formation during embryonic development requires that the cells assess their spatial 30 position. One useful conceptual framework to understand this process is to assume that each 31 cell has a positional value that relates to its position in the coordinate system. The cells then 32 use this positional information to coordinate their differentiation process (Wolpert, 1969) . 
51
Recently, experiments of ex vivo explants have challenged the 'clock-and-wavefront' view 52 and favored an interpretation where the wavefront is implicit in the dynamics of the clock 53 (Lauschke et al, 2013) . In these experiments, tail bud tissue is explanted and forms a 54 monolayer PSM (mPSM) with concentric travelling waves sweeping from the center of a dish 55 to its periphery. Interestingly, after growth stops, segments begin to form, and the size of the 
3
Hes/her oscillators, where the temporal decay in Fgf/Wnt signaling due to mRNA degradation 79 leads to a temporal increase in the period and amplitude of Hes/her oscillations.
81
A set of neighboring oscillators with slight differences in period and amplitude are known to 82 lead to travelling waves. This can be visualized in a pendulum wave experiment, where a set 83 of pendulums with gradually increased lengths that start from the same initial condition 84 display a travelling wave (Berg, 1991; Flaten and Parendo, 2001 
99
showing that the proposed mechanism can in principle explain both in vivo and ex vivo 100 segmentation.
102 103

Results
104
Theoretical framework
105
In our framework, we consider that each cell expresses an oscillatory protein u that 106 represents a member of the Hes/her family. For simplicity, we represent the levels of u by a 107 sine function:
109
where the amplitude A and the phase φ depend on the position of the cell x and the time t.
111
We consider that each cell has a fixed position x, while the tail bud moves in direction of 112 increasing x. At the time point t 0 = t 0 (x), the cell in position x is incorporated into the PSM and 113 the amount of time since the cell was incorporated into the tissue is given by Δt = t -t 0 ( Figure   114 1). We further define the phase φ of the cellular oscillator by:
115 116
where ω is the frequency of oscillation and φ 0 = ω 0 t 0 represents the initial phase of the cell
118
with ω 0 being the frequency of the oscillator at the tail bud.
120
After leaving the tail bud region, the amplitude and period of the oscillations increase over 121 time in the PSM cells (Delaune et al, 2012; Shih et al, 2015) . We assume that the increase in 122 the period and amplitude is given by the temporal decrease of Fgf/Wnt signal due to the 123 gradient by inheritance. For convenience, we assume that the increase in the amplitude (A)
124
and period (T) can be mathematically represented by exponential functions:
125 126
where A 0 and T 0 are the amplitude and period at the tail bud region, respectively, and α and β
128
are the characteristic time scale of amplitude and period gradients, respectively.
130
The slight difference in period and amplitude between neighboring cells leads to the temporal 131 accumulation of differences in their expression levels. We propose that segmentation occurs 132 when these differences reach a certain threshold (θ). This can be represented mathematically
133
as:
134
= .
135
The derivative of u can be written as:
137
which leads to:
138
= sin + cos .
139
By calculating the spatial derivative of A and φ, we have:
142
Using 
162 163
Disturbed growth affects signaling gradients.
164
The segmentation of the vertebrate body is a highly dynamic process. The axial growth rate, 
177
Using published experimental data from WT and MMC-treated embryos (Tam 1981 
where g t0 is the growth rate when the cell is at the tail bud (at t = t 0 ), and γ is a constant. We 
199
We next used the inferred tail bud growth rate as an input to our model and determined the 
208
These results suggest that our framework is able to quantitatively reproduce mouse 
216
Tail bud growth rates were inferred from experimental data (Tam 1981 , Figure S1 
230
In the previous section, we observed that our framework is able to reproduce data from in 231 vivo mouse segmentation. In order to gain a better understanding of the properties of our 232 model, we considered a simplified case where the tail bud growth rate is constant (g). This 
242
According to our model, the size of the somite is proportional to the tail bud growth rate and 243 oscillation period ( Figure 3C ). It is interesting to note that although growth rates and 244 oscillation periods change broadly with the temperature, somite size is the same for embryos 245 grown at different temperatures (Oates et al, 2012) . In order to evaluate the conditions to 246 obtain a temperature compensation of somite size, we simulated the segmentation process
247
for different values of growth rates and oscillation periods at the tail bud ( Figure 3D ). We
248
found that a decrease in the oscillation period can compensate larger somite sizes due to 
271 272
Somite size is determined at the tail bud.
273
The size of the somites scale with body size (Cooke 1975 ) and ex vivo explants have shown
274
that segment size scales with mPSM size (Lauschke et al, 2013) . Nevertheless, the exact 275 relationship between somite size and PSM length is still unclear and a topic of debate.
277
In measurements of mouse segmentation (Tam 1981 , Figure 2 ), we observe that the growth 
288
How early is the segment size defined? Our model assumes a timer mechanism of somite 289 segmentation rather than a positionally controlled segmentation front. Consequently, in our 290 framework, the segment size would be determined as soon as the cells leave the tail bud 291 region. In order to better illustrate this property, we analyzed our model by considering that 292 the tail bud growth rate presents a hump-shaped curve ( Figure 4A) , similar to what is 293 observed during mouse segmentation (Tam 1981 , Figure 2A ,B). We observed that the PSM 294 length and somite size profiles also have a shape similar to the growth dynamics ( Figure 4B ).
295
The peak of PSM length approximately coincides with the peak of the tail bud growth rate,
296
while the peak in segment size is delayed by around 7 somite stages ( Figure 4B ). It is
297
interesting to note that this delay is approximately the averaged ratio between the PSM length 
304
The ratio P/s vary significantly between vertebrates. Mouse and chicken has a ratio of around 
312
These results support the idea that the size of the somites depends on the growth rate at the 316 317
where g t0 is the tail bud growth rate at the time the cells leave the tail bud region (t = t 0 ). 
332 333
Evolutionary mechanisms of vertebrate segmentation.
334
There is a large diversity in somite size, number and frequency among vertebrate species,
335
but little is known about the evolutionary mechanisms that lead to such diversity (Gomez et al, Figure 5A ). This suggests that differences in the 341 growth rate and period of oscillations are the main evolutionary mechanism to achieve 342 somites with different sizes. But are the changes in these parameters sufficient to explain 343 segmentation properties of these different species? To answer that, we used our model to 344 estimate somite size and PSM length for different values of growth rate and oscillation period 345 in the tail bud. We found that changes in these parameters alone are sufficient to explain 346 somite size, but not the observed PSM length ( Figure S5 ).
348
We further asked if concomitant changes in the characteristic length of the gradients (α and 
357
Consequently:
358 359
360
362
Therefore the ratio between the characteristic time scale of the period gradient (β) in different
363
species is proportional to the ratio between the amount of time the cells take to cross the 364 PSM (τ). This amount of time is proportional to the ratio between PSM length and somite size,
365
and can be estimated as:
367
It is interesting to note that both zebrafish and snakes present a higher PSM/somite (P/s) ratio 368 than mouse and chicken. Moreover, this ratio correlates with changes in the tail bud growth 369 rate (g), therefore suggesting a possible link between the growth rates and the ratio 370 PSM/somite size ( Figure 5B ). Using data from different species, we inferred the following 371 relationship between P/s and g ( Figure 5B ):
372 373
374
Taken together, we can estimate the inter-species ratio of the characteristic length of the 375 period as a function of changes in the growth rate and period at the tail bud:
376 377
13
Assuming that the inter-species ratio of the characteristic length of the amplitude follows the 379 same relationship, we have:
381
Once we have previously inferred the values of α and β from experimental data for the mouse
382
( Figure 2 , (Gomez et al, 2008 
406
and Aulehla 2016). One of the most interesting properties of these explants is that the 407 segments are formed proportionally to the mPSM size (Lauschke et al, 2013) .
409
During in vivo segmentation, the levels of Fgf and Wnt decrease temporally as the cells cross 
418
where α' and β' are the characteristic spatial length of the amplitude and period gradients,
419
respectively, and Δx = L -x, is the distance of the cell x to the center of the mPSM (L). In this 420 case, segmentation points can be determined by:
421 422
423
We then used this framework to fit the relationship between somite size and wave velocity 
425
We observed that most parameters have a similar value, with the exception of the period of 426 oscillations, which is longer for explants at lower temperature ( Figure 6E ). This is consistent 
430
Taken together, these results suggest that our framework is able to reproduce somite 
475
Here, we propose an alternative approach where somite formation is based on local 
501
show that experimental data from different species is in agreement with this prediction. All 502 together, these results support the idea that the somite segmentation program is a timer 503 mechanism that works independent of any long-range signal such as morphogens.
505
We lastly used our theoretical framework to analyze possible developmental mechanisms of 506 somite size control. According to our model, the tail bud growth rate and the period of the 507 oscillators control the size of the somite, but changes in these parameters alone are not 508 sufficient to explain the PSM length and somite size of different species. We observed that 509 the ratio PSM/somite size varies significantly between different species and by analyzing data 510 from mouse, chicken, snakes and zebrafish, we observed that this ratio correlates with 511 changes in tail bud growth rate. We further inferred a relationship between the characteristic 512 time scale of the amplitude and period gradients (α and β) with the tail bud growth rate. We 513 observed that lower growth rates lead to increased α and β and using this inferred 514 relationship, we correctly reproduced the overall segmentation properties in different species.
515
Our results suggest that segmentation at low growth rates leads to an increased PSM/somite 516 size ratio. Whether such longer PSM as compared to somite size leads to evolutionary 517 advantages is unclear. One possible explanation is that the low growth rate observed in 518 snakes is a consequence of low metabolic rates (Gomez et al, 2008) , which would also lead 519 to slower mRNA degradation, therefore leading to an increased time scale of the amplitude 520 and period gradients. In this case, longer PSM length such as observed in snakes are just a 521 consequence of slower metabolism.
523
Our model makes three key assumptions that require further experimental validation. As the 524 cells cross the PSM, the levels of Fgf and Wnt decrease due to mRNA decay (Dubrulle and 
549
In summary, we propose a novel mechanism of spatial pattern formation based on the local 550 differences between neighboring oscillators. In our framework, slightly different properties of 
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